Climate change is already impacting upon global biodiversity, and projections of climate change impacts indicate that very significant future changes will occur, although such projections are associated with key areas of uncertainty. In order to develop adaptation and mitigation strategies for the conservation of biodiversity during climate change it is necessary to 1) understand the impacts of climate change on biodiversity, 2) understand the problems associated with the implementation of policies promoting the conservation of biodiversity during climate change, and 3) highlight key areas for action, both to address gaps in our understanding of the potential impacts of climate change and to develop the necessary levels of communication between scientists and policy-makers. This paper provides a European case study of these issues. We review current knowledge of the impacts of climate change on biodiversity in Europe, examine the existing European policy framework with respect to the ways in which it can both promote and hamper biodiversity conservation during climate change, and highlight priority targets both for new research and in terms of improving the flow of information between stakeholder groups with an interest in biodiversity conservation in a world undergoing climate change.
INTRODUCTION
There are clearly very strong links between the natural environment and the planet's climate through which climate change will impact on biodiversity. In fact, we are already seeing changes in the natural world that are responses to climate change. Concentrations of greenhouse gases (GHGs) are now at new highs, with carbon dioxide (CO 2 ) at 377.1 ppm, methane (CH 4 ) at 1783 ppb and nitrous oxide (N 2 O) at 318.6 ppb (data from 2004 sampling; WMO 2006) . It is now also apparent that, even with our best efforts in terms of reducing GHG emissions, current concentrations are already committing us to some degree of warming.
Conserving biodiversity during rapid climate change is now a priority, driven not least by the realisation that biodiversity underpins ecosystem services, for example, provision of clean water and air, production of harvestable biological resources (such as timber, agricultural produce and fish), and pest and disease control. However, in order to develop adaptation strategies to promote biodiversity conservation we need to address gaps in our ecological knowledge and critically assess the processes by which policy in a number of sectors is developed and implemented. Importantly, these processes are not isolated. We are now at a stage where it is becoming clear that a concerted and integrated effort by the research and policy-making communities is needed to tackle these issues. Unfortunately information exchange between these communities is commonly highlighted as a barrier to progress. We have written this paper to help address this issue. We have combined information from the scientific literature with that from recent policy-related meetings and conferences in an effort to summarise: 1) How climate change is already impacting biodiversity and will increasingly do so in the future;
2) Information on current and possible future policy for conserving biodiversity during climate change;
3) Knowledge gaps, barriers to knowledge transfer, and other constraints on the development of adaptation measures.
We intend this paper to be read by both scientists and policy-makers, and hope that it will contribute to information flow between these two groups by condensing relevant information on science and policy into one readily-accessible source. For policymakers, we hope that it provides an overview of the likely impacts of climate change on biodiversity, whilst highlighting the uncertainties associated with predicting such impacts and why these uncertainties exist. For scientists, we hope that it provides an overview of the current situation with respect to the development of biodiversity conservation policies, and some of the primary needs of policymakers. For both communities, we hope that it can be part of the process of creating genuine dialogue between scientists and policy-makers, highlighting that all stakeholders have responsibilities with respect to addressing these issues, and that communication is central to their resolution.
In particular, we focus on biodiversity impacts of climate change in Europe, although we occasionally use information from outside this area in order to illustrate fundamental ecological concepts. During the UK presidency of the European Union (EU), and in preparation for climate change discussions in Montreal in 2005, a number of meetings have addressed the issue of biodiversity and adaptation to climate change (e.g. EEAC 2005 , EPBRS 2005 , Greenland Dialogue 2005 , CBD 2005 , EU Nature Directors 2005) . Here we use the background papers and output from these meetings, along with information from the primary literature, to provide an assessment of the state of our scientific understanding and the needs of the policymaking community. Furthermore, the conservation of biodiversity during climate change will necessitate international cooperation. The response of EU nations may act as a case study of some of the problems and opportunities associated with developing international-level policy for biodiversity conservation during climate change.
CLIMATE CHANGE
During the past 100 years, the Earth's climate has experienced an average warming of approximately 0.8°C, with an increase of 0.6°C in the past three decades, and the 1990s being the warmest decade in the observational record (IPCC 2001a; Hansen et al. 2006) . The Earth's climate has always oscillated, sometimes rapidly, between warm and cold periods. However, there is strong evidence that the majority of the recent rapid temperature increase is a consequence of anthropogenic climate forcing resulting from release of GHGs into the atmosphere (IPCC 2001a) , including CO 2 from combustion of fossil fuels and cement production, CH 4 from agriculture, N 2 O from agriculture and industry, and halogenated gases and ozone from industrial and domestic sources (EEA 2004a). As well as temperature, other likely anthropogenic climate changes include changes in precipitation patterns and the frequency and severity of extreme climatic events (IPCC 2002) . These changes are likely to have led to reductions in snow and ice cover, altered activity of ocean circulatory systems such as the ENSO (El Niño -Southern Oscillation) and a general rise in ocean temperature and thermal expansion of the oceans (IPCC 2002) .
The temperature of Europe has warmed more rapidly than the global average, with a 0.95°C increase since 1900 (CRU 2003) . During the same period, northern Europe has experienced a 10-40% increase in precipitation, whilst southern Europe has experienced a decrease of up to 20% (IPCC 2001a) . Changes in the salinity of oceans may also have resulted from climate change. Curry et al. (2003) conclude that in the Western Atlantic there have been shifts in the oceanic distributions of fresh and saline waters that are consistent with a link to climate change. In the Mediterranean, major water masses exhibit a 40-year trend of increasing temperature and salinity (Roether et al. 1996) , and the Mediterranean outflow water (MOW -a convective water mass found in the eastern subtropical North Atlantic) has significantly increased in temperature and salinity over the past 50 years, and may be an important source of mid-depth oceanic warming in the North Atlantic (Potter and Lozier 2004) . GHG emissions are also currently leading to increases in ocean acidity -CO 2 is being absorbed from the atmosphere by the oceans which, in turn, lowers ocean pH (The Royal Society 2005) .
Because the future development of human populations, their associated energy consumption and technologies, and hence the future outputs of GHGs are uncertain, and because of an incomplete understanding of climate processes, it is not possible to 'know' the extent of future climate change (EEA 2004a). However, projections have been made using increasingly realistic GCMs (global circulation models) and GHG emission scenarios, i.e. 'plausible descriptions of how things may change in the future' (Hulme et al. 2002) . These include consideration of factors such as future economic performance and population patterns. The main common points from projections of future European climate are summarised below:
• Average projected temperature increase from 2.1°C to 4.4°C (EEA 2004a; Schröter et al. 2005);  • Variation in warming on a regional basis: greatest warming over southern countries (Spain, Italy, Greece) and northeastern areas (western Russia) (EEA 2004a; Schröter et al. 2005);  • Winters warm more rapidly than summers (except in southern Europe) (EEA 2004a);
• Increased precipitation in northern Europe; decreased precipitation in southern Europe, especially in summer (EEA 2004a; Schröter et al. 2005);  • Wetter winters; precipitation falling as rain rather than snow (Parry 2000; IPCC 2001b );
• Increased frequency of droughts and heavy precipitation events (Christensen and Christensen 2003) Furthermore there is likely to be further acidification of the oceans as atmospheric CO 2 concentrations continue to rise (The Royal Society 2005) .
In addition to these gradual changes in climate patterns and the Earth's climate-driven systems, there are also some projections concerning the additional risk of 'singular events', e.g. shutdown of the North Atlantic thermohaline oceanic circulation. Although clearly of high-potential impact, the probability of such events is considered to be very low (EEA 2004a) , and so their potential impact on biodiversity will not be considered in this paper. However, it should be noted that such singular events may represent key areas of uncertainty, and new research might make it necessary to modify predictions concerning their likelihood (e.g. Bryden et al. 2005) .
Throughout the rest of this paper the phrase 'climate change' is taken to mean anthropogenic changes in climate.
THE IMPACTS OF CLIMATE CHANGE ON BIODIVERSITY
The global biodiversity resource is under threat from a range of anthropogenic drivers, including pollution, land-use change and climate change (CBD 2003; Millennium Ecosystem Assessment 2005) . Recent work has suggested that climate change may be as great a long-term threat to species survival as land-use change (Thomas et al. 2004) , although this work is not without its uncertainties (Buckley and Roughgarden 2004 , Harte et al. 2004 , Thuiller et al. 2004 . Irrespective, there is 'very high confidence' that climate change is already impacting on biodiversity at a global scale (Parmesan and Yohe 2003) as determined by the IPCC criteria (i.e. an estimation that more than 95% of observed changes are principally caused by climate change).
Information on the impact of climate change on biodiversity has two main sources: first, detected impacts (commonly from long-term monitoring of species or ecosystems), and second, modelled projections of future impacts. Although we have in general constrained our discussion to information from Europe, we also include information from some studies outside of Europe or at the global scale in order to illustrate some generic ecological processes. This information is not intended as a comprehensive review of climate change impacts on European biodiversity, but instead is meant to illustrate some of its major features.
Observed climate change impacts on European biodiversity
The main types of impacts that have already been observed in European terrestrial and marine ecosystems are summarised in Table 1 (Parmesan and Yohe 2003, Root et al. 2003) , although it should be noted that autumn processes have not shown such a consistent relationship to temperature increases (Walther et al. 2002 , Root et al. 2003 . Importantly, there are geographic variations in these responses within Europe. For example, there is delayed rather than earlier onset of spring phases in terrestrial ecosystems in southeastern Europe (Walther et al. 2002) , likely reflecting increased rather than decreased environmental severity as a result of warming. The categories of response are not independent, and can be seen to some extent as links within a chain of events. For example, in those areas where winter conditions limit survival, increased temperatures are likely to lead to increased population sizes. Increased densities (of either a given species or its competitors) can then drive range shifting (i.e. the movement of a species' distribution) which can then, in turn, act as a selective force for the evolution of enhanced dispersal ability.
At a basic level, similar processes are clearly occurring in both marine and terrestrial ecosystems. However, there are some important differences: the concept of a 'range' is much looser in marine systems, and range margins are naturally much more dynamic, irrespective of climate change. Although, as in terrestrial systems, dispersal limitation (i.e. the inability of a species to move to an area) is thought to restrict the response of some marine species to climate change (Hiscock et al. 2004 , Genner et al. 2004 ), because of the flow of currents around the coast the pattern of range shifting is more complex than the general northerly shift found in northern hemisphere terrestrial ecosystems (Hiscock et al. 2004 ). Furthermore, because of the clear regulatory impact of the North Atlantic Oscillation (NAO) on many marine systems (e.g. Durant et al. 2003 , Drinkwater et al. 2003 , as well as its cyclical nature, long-term change in marine systems may be initially obscured by NAO cycles (Hiscock et al. 2004) , although variation in the NAO is not independent of climate change. Recent unusual positive trends in the NAO index are likely to result in part from enhanced greenhouse gas concentrations (Gillett et al. 2003) , and UKCIP scenarios indicate an increased frequency of a positive NAO index (McKenzie Hedger et al. 2000) and thus a predominance of westerly weather.
Future climate change impacts on European biodiversity
It should be recognised that, as with modelling future climate, there is considerable uncertainty surrounding the prediction of future climate change impacts on European biodiversity. Some of this uncertainty is related to future social and economic development, including the response of society to climate change, which will have profound impacts on biodiversity. Therefore, as with modelling future climate, researchers tend to discuss 'scenarios' of climate change impacts on biodiversity rather than 'predictions'. Table 2 provides information from such scenario modelling on some of the main categories of expected impacts of future climate change on marine and terrestrial ecosystems.
Both scenario modelling and our understanding of fundamental ecological processes indicate that a key feature of future climate change impacts on biodiversity will be their spatial variability. For example, in terrestrial systems the greatest effects of climate change are expected in arctic regions and the moisture-limited ecosystems of southern and eastern Europe and the Mediterranean. Such spatial variability may also result from the different scales over which species obtain their climate cues; in seabird communities there is evidence that the timing of breeding of different seabird species is driven by climate cues operating at different scales -different species respond to different cues (Frederiksen et al. 2004a ). When combined with species-specific responses to a given change in temperature, this might lead to different species within the same community responding differently to climate change, and would thus increase the loss of existing community structure.
It is important to remember that biodiversity impacts will not occur simply as a result of changes in average climatic conditions (e.g. average temperature and precipitation). Changes in the frequency of extreme events have been highlighted as potentially important drivers of biodiversity change in some systems, irrespective of changes in average conditions. For example, changes in the frequency and intensity of rain events (Christensen and Christensen 2003) will influence freshwater ecosystems, changing flow rates and variability in streams and rivers and their suitability for particular species. Cold-water fish, particularly northern Poleward shift of marine species through a range of different mechanisms -different species have different capacities to move ranges. Sessile species with short-lived larvae and no mobile phase increase in abundance in situ, but do not respond with rapid northerly range expansion, whilst ranges of free-swimming species are more responsive - Hiscock et al. 2004 . Expansion of populations in situ limits the availability of space for inwardly migrating species - Hiscock et al. 2004 . Table 2 Categories and examples of the main types of expected climate change impacts on European terrestrial and marine biodiversity latitude freshwater fish species, will suffer when warmer water temperatures reduce oxygen and habitat availability in lakes (EEA 2004a) . Similarly, increased frequency of fire events in Mediterranean ecosystems is seen as a major driver of species loss, and contributes to their predicted high vulnerability (ATEAM 2004 , Schröter et al. 2005 . Ultimately, sizeable changes in the distributions of species within Europe, both as a result of changes in average environmental conditions and the frequency of extreme events, will mean that the relative importance of European countries with respect to biodiversity conservation (e.g. amount or number of rare species) will change (ACCELERATES 2004 , Thuiller et al. 2005 , Harrison et al. 2006 ).
Uncertainties
Uncertainties exist with respect to the above scenarios, partly due to the complexity of biological processes and our incomplete understanding of them. Although we have a broad understanding of the likely patterns, we do not know precisely how biological systems will respond. In addition, some uncertainties arise from and involve the response of society to climate change and the impact of this societal response on other key drivers of biodiversity, for example, agriculture, fisheries and CO 2 concentrations.
Some major uncertainties associated with projections of climate change impacts on biodiversity are summarised in Table 3 . However, although we can categorise uncertainties in this way, we again need to recognise the connections between categories. For example, interactions between species may be part of the selective force that operates during range shifting (Thomas et al. 2001) , and invasive species can disrupt the interactions that exist within natural communities and effectively fragment the landscape.
Uncertainty arises from the inherently unpredictable nature of climate and biological systems, differences in the assumptions underlying GCMs, and our lack of knowledge of biotic processes Lowe 2003, Thuiller et al. 2004 ). We do not provide here any assessment of the level of uncertainty or potential impact of these uncertainties on projected changes. Providing such assessments is a complicated process relying on a combination of both expert judgement and systematic modelling trials. Furthermore, detailed uncertainty assessments have been developed in great detail elsewhere (e.g. IPCC 2001a, Willows and Connell 2003) . However, it would be reasonable to state that there is a far greater degree of certainty expressed within the literature about the larger-scale trends, e.g. a general northerly movement of species or a high degree of impact in arctic and alpine systems, as opposed to the more specific, finer-scale responses, for example the response of a particular species or a community within a specific location. It is perhaps at these finer scales that the complexity of biological systems, and our limited understanding of ecological and biological processes, starts to limit our predictive capacity, although we know enough to be sure that future impacts are likely to be sizable and measures need to be taken now to conserve biodiversity during this period of rapid climate change.
Such uncertainties represent knowledge gaps that need to be addressed. However, knowledge gaps are not the only possible barrier with respect to developing biodiversity conservation strategies. Conservation of biodiversity within the EU is strongly regulated by legislation. The processes of legislative policy development and the degree of uptake of existing scientific knowledge may also limit our capacity to develop appropriate adaptation strategies. Therefore, in order to understand the current policy framework within which such policies must be developed, we will now examine European biodiversity conservation policy, how it might be developed to cope with the threat of climate change, and what barriers to either knowledge transfer or adaptation strategy development might exist.
POLICY RESPONSES TO THE IMPACTS OF CLIMATE CHANGE ON BIODIVERSITY
The impact of climate change on biodiversity poses a major challenge for policy development and implementation. Most policies to support the conservation of biodiversity were, however, developed before the threat from climate change became apparent. Furthermore, policies developed in a range of sectors to mitigate and adapt to the impact of climate change are likely to have an impact on biodiversity.
A number of conventions and directives have determined the development of biodiversity policy The role of interactions in communities -range shifts may lead to disjunction between commonly co-occurring and interacting species (Root et al. 2003) , and the development of novel interactions with unpredictable outcomes.
• Temperature-driven upward altitudinal migration means the range of pine processionary moth in the Spanish Sierra Nevada now overlaps with that of relic populations of Pinus sylvestris subsp. nevadensis which has suffered severe defoliation (Hódar and Zamora 2004) . • Certain species in both marine and terrestrial environments are keystone structural species that create habitat (Jones et al. 1994 ) -loss of keystones would lead to the complete loss of dependent species from a system (Hiscock et al. 2004 ).
Species are not consistent unchanging unitsthey may evolve in response to selective pressures during range shifting.
• Individuals of particular species of butterflies and crickets have shown adaptation to dispersal in populations at expanding range margins (Thomas et al. 2001) .
Interaction between increased atmospheric CO 2 concentrations and climate change -enhanced CO 2 concentrations may regulate primary productivity and community composition, depending upon the region, type of vegetation and climate scenario. Biodiversity responses will influence future changes in CO 2 concentrations, for example, through changes in carbon storage.
• The amount of stored carbon within soils may already be decreasing in a manner consistent with a climate-driven mechanism (Bellamy et al. 2005) . • Warmer summers and water limitation may be offsetting the positive effect of extended growing seasons (Angert et al. 2005) . • Enhanced CO 2 concentrations and ocean water acidification may affect calcification and the growth of plankton (The Royal Society 2005) .
Climate change will lead to societal and economic responses, as will future economic and political development. This, in turn, will influence the development of a wide range of sectoral activities that, in turn, influence biodiversity, both in terms of its status and its capacity to respond to climate change.
• Changes in agriculture may lead to increasingly fragmented and impermeable terrestrial landscapes over which it is difficult for species to migrate in response to climate change (Travis 2002) .
Human activities may introduce new, invasive species into both terrestrial and marine environments, including pest and disease vectors. Their impact on food supply and human health will have societal and economic consequences (EPBRS 2005) .
• Introduction of invasive species by human activity is common in both terrestrial and marine ecosystems, and the influx and expansion of invasives during climate change may have serious consequences for the survival and migration of native species. • Human activity led to the Lessepsian migration of species from the Red Sea through the Suez Canal to the Mediterranean Sea (Por 1971 (Duke 2005) , which lays out priority objectives and detailed targets to meet the EU 2010 commitment and, in 2006, the European Commission published a major policy communication, detailing key steps to be taken to meet the 2010 commitments and looking beyond 2010 (European Commission 2006). This 'Biodiversity Communication' is notable in that it highlights climate change as a threat to biodiversity, second only to 'ill-considered land use and development.' It identifies not only the need for specific actions that allow biodiversity to adapt to climate change, but also for the development of climate change mitigation and adaptation measures that do not have an adverse impact on biodiversity. The latter have been developed through, in particular, the 1992 United Nations Framework Convention on Climate Change (UNFCCC) and the 1997 Kyoto Protocol.
Mitigation policies attempt to limit further changes in global climate and either focus on reducing the emission of greenhouse gases through, for example, more efficient energy use or cleaner energy production, or on enhancing greenhouse gas sinks. The latter approach includes land use, land-use change and forestry (LULUCF) activities. These comprise a) conservation of existing carbon pools, i.e. avoidance of deforestation, b) sequestration by increasing the size of carbon pools, e.g. through afforestation and reforestation, and c) substitution of fossil fuels by biomass production (CBD 2003a). In Europe, the European Climate Change Programmes focus on mitigation (European Commission 2000). Although mitigation of climate change should, in principle, be beneficial for biodiversity, mitigation activities may themselves have negative impacts on biodiversity (CBD 2003a) .
Although mitigation activities are already underway, it is becoming increasingly clear that, even with the most optimistic projections of the level of mitigation that can be achieved, we are still going to experience a significant degree of climate change (Pallemaerts et al. 2005) . We therefore need adaptation strategies for managing the impacts of climate change. More generally, there is now a widespread recognition of the urgent need to develop adaptation strategies in all sectors (IPCC 2005 , Pallemaerts et al. 2005 , Greenland Dialogue 2005 , EEAC 2005 , EPBRS 2005 , CBD 2006 ). With respect to biodiversity conservation, some of these adaptations might be autonomous, i.e. systems responding to climate change without any active management intervention. This could include range shifting or in situ evolutionary responses. In contrast, planned adaptation involves active intervention and management, for example promotion of migration by the development of 'habitat corridors' or the more strategic design of landscapes to facilitate the movement of species.
Development of the major components of European biodiversity policy (e.g. Natura 2000) has not explicitly considered climate change, largely because the awareness of its impact is very recent (e.g. Walther et al. 2002 , Parmesan and Yohe 2003 , Thomas et al. 2004 ). However, the importance of explicitly considering the threat to biodiversity from climate change has recently been strongly voiced, and the need for policy responses to this threat is widely recognised and accepted (e.g. CBD 2003a , 2005c , ACIA 2004b , Duke 2005 , EEAC 2005 , EPBRS 2005 , EU Nature Directors 2005 , IUCN 2005 ).
It is not necessarily the case that fundamental changes to existing policy are needed in order to take action to protect biodiversity from climate change (Watts in Monkhouse and Miller 2005, EU Nature Directors 2005) . Notably, the main biodiversity conventions and directives commit European countries to maintaining their biodiversity resource in a 'favourable' state. However, existing legislation may be too heavily orientated toward the concept of reserves and conservation in situ (for example the Natura 2000 network) -an approach
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Brooker, Young and Watt which is suited to a static environment but which does not cope well with large-scale species dispersal as expected under climate change (e.g. ACCELE-RATES 2004 , Callaghan et al. 2004 , RHS 2005 . It is likely to be necessary to modify the philosophy and management associated with protected areas and to see them as core areas within a permeable landscape through which species are moving -protected areas would provide sources for the movement of species from an area and act as focal points for the arrival and establishment of new species. Furthermore, 'the designation of protected areas should be based more on the systemic properties of the whole landscape rather than on the individual attributes of candidate sites' (ACCELERATES 2004) . However, such a change in philosophy would not only require changes in policies for the management of protected areas but also policies for the wider countryside through which species would move. Nevertheless, some existing policy frameworks already explicitly promote the concept of an integrated landscape. For example, a key target of the PEBLDS is the integration of Natura 2000 and other site-oriented approaches into a genuinely networked landscape that enables species migration. Effective conservation of biodiversity in the face of climate change does, however, require that biodiversity conservation is an integral part of all policy-making at international and national scales. Such an approach, often referred to as Environmental Policy Integration (EPI) or the Cardiff process (http://ec.europa.eu/environment/integration/integration.htm), has developed in response to, in particular, Article 6 of the CBD and Article 6 of the European Community Treaty. A recent review concluded, however, that although 'governments have taken great strides in terms of developing and agreeing high-level political commitments to environmental policy integration and sustainable development,' there is 'little evidence of NSDSs [national sustainable development strategies -a key mechanism for achieving EPI] being implemented' (EEA 2005a) . This would suggest that at present, despite the aims of the ECBS, there is only limited current movement toward consideration of biodiversity issues in general (outside of the biodiversity conservation sector) let alone the more specific consideration of climate change impacts on biodiversity (Duke 2005) . It is clear that maximising biodiversity conservation during climate change will need the consideration of biodiversity issues in the development of mitigation and adaptation strategies in all sectors (EEAC 2005 , IISD 2005 , and that this will depend upon effective EPI.
The EEA assessment indicates that one key barrier to EPI is that biodiversity conservation must compete in the policy arena with other sectors, such as economic and social development (both of which are given a higher policy priority), and that it is perceived that biodiversity conservation will impose a cost on social and economic development. However, the economic worth of the biodiversity resource may be greatly underestimated in such assessments (CBD 2005a , Millennium Ecosystem Assessment 2005 . A thorough understanding of the genuine cost of biodiversity loss and the economic benefits of biodiversity conservation is therefore critical in raising the profile of biodiversity conservation on the policy agenda. As stated by Watson (2005) 'There is an urgent need to demonstrate that there is no dichotomy between economic growth and environmental protection,' a sentiment underlined by a recent review of the economics of climate change (Stern 2007) .
Furthermore, the cost of developing and implementing adaptation and mitigation strategies for biodiversity conservation during climate change may be less than perceived, and importantly may be reduced by making use of synergies in policy development in many sectors. Any policy adaptations that promote the favourable status of species and habitats are likely to be of benefit in conserving diversity in a changing environment, either by producing a robust ecosystem that may be able to adapt to climate change in situ or by providing a good supply of propagules capable of dispersing and tracking the climate window. Sectors where it is clear that climate change adaptation will have biodiversity implications, and where there may be capacity for synergistic activities, include agriculture and rural development, water management, energy, and those sectors influencing coastal and marine environments (Nature Directors 2005) . Careful analysis of proposed sectoral adaptation and mitigation strategies may indicate possible benefits for biodiversity that could be incorporated with little or no extra cost (EEAC 2005) .
Critically, however, sectoral adaptation policies are already being implemented but without regard to their consequences for biodiversity. In agriculture, for example, proposed adaptations include the introduction of drought-tolerant, salt-tolerant, higher temperature-tolerant or pest-resistant varieties, introduction of multi-cropping or mixed farming systems, introduction of new crop or animal species, changes in timing and type of irrigation and fertiliser use, and the abandonment of agriculture. Our understanding of the impact of these and other adaptation activities is very poor (CBD 2005b, c) . Instruments are currently being developed with the specific aim of addressing the difficulties of integrating biodiversity considerations into adaptation and mitigation policies in other sectors (e.g. Choudhury et al. 2004 , CBD 2005a . Such integrated approaches will necessitate better 'national coordination among sectoral agencies to design policy measures that exploit potential synergies between national and economic development objectives and environmentally focussed projects and policies' (CBD 2003a) .
Finally, it is hard to assess whether existing policy (or its implementation) is adequate to encompass new developments designed specifically to adapt to or mitigate the impacts of climate change when it is not yet clear exactly what form such developments might take. To resolve this issue, it is necessary to define more explicitly what mitigation and adaptation activities are needed, to consider how these would translate in to management actions 'on the ground,' and then to assess whether the existing policy framework is able to support and promote them.
In summary, although this review focuses on Europe, there are some clear generic messages that are globally applicable: 1) Climate change impacts on biodiversity will span national borders and so an integrated international approach to conserving biodiversity is needed, and adaptation strategies are now a vital part of this approach.
2) Although the need to develop new policy is debated, a reorientation of implementation away from site-oriented approaches toward integrated landscapes is clearly necessary.
3) Adaptation responses in many sectors will impact biodiversity, and a unified cross-sectoral response to climate change, giving enhanced priority to biodiversity conservation, is essential, not least to support sustainable development.
4) Adaptation strategies, along with their full costs and benefits (as well as potential crosssectoral synergistic activities) need to be defined to support biodiversity conservation in the policy arena and promote genuine Environmental Policy Integration.
KNOWLEDGE GAPS AND CHALLENGES FOR POLICY DEVELOPMENT
Whilst discussing the detected and future impacts of climate change on biodiversity, we identified a number of key uncertainties that might act as a focus for scientific research. We then discussed European biodiversity conservation policy, examining barriers to knowledge transfer and challenges for policy development that may inhibit the development of adaptation strategies for biodiversity conservation. These sections have therefore highlighted the large number of potential activities that could be undertaken to further the development of adaptation strategies. However, as yet, we have not attempted to prioritise these activities, although prioritisation is essential as the issue is clearly very urgent and we have only limited resources with which to address it. How, then, can we start to narrow the field and produce a strategic plan for action in a way that is based on more than personal prejudice? One approach is to 'sound out' expert opinion, and such a process has been undertaken at a number of major recent meetings (EEAC 2005 , EPBRS 2005 , CBD 2005c , EU Nature Directors 2005 as well as through the UK EPBRS econference on 'Climate Change and Biodiversity Conservation: Knowledge needed to support development of integrated adaptation strategies' (http://www.nbu.ac.uk/biota/Archive_climatech ange/index.htm). In order to provide a list of priority issues, this section summarises the opinions of scientists and policy-makers that were presented at these meetings. Along with each issue, we discuss approaches proposed during the meetings that might be taken to resolve them. We have summarised the issues in Table 4 .
Fundamental scientific knowledge gaps
A substantial amount of information on climate change and its impacts on biodiversity already
Climate change and biodiversity Brooker, Young and Watt exists. However, access to this information can be costly in terms of money and time. Digitised bibliographic information in searchable databases would make this information more widely available and should, therefore, be a priority. It would also help in clearly identifying knowledge gaps (as opposed to gaps in data access), preventing duplication of research, reducing time spent in data gathering and supporting the provision of information to the public and policy-makers. Even prior to such a database being developed, however, some knowledge gaps are already very apparent.
The need for monitoring
Increased monitoring is seen as key to developing our understanding of climate change and its impact on ecological systems by helping to separate short-term localised effects from long-term trends.
Exactly how this broad-scale long-term monitoring should be designed (including the issue of data standardisation) requires significant attention.
While part of the monitoring process should concentrate on the characteristics of the physical environment (e.g. ocean pH and salinity, meteorological conditions) as well as the biodiversity resource, another part should focus on understanding the extent of the biodiversity resource -in some instances, especially where considerable taxonomic skill is needed for species identification, it is not even clear how much of a species is present in particular areas (and therefore the degree of threat posed to that species by climate change).
The role of key drivers, and interactions between drivers
Our understanding of the role of certain drivers of climate change, for example, is particularly poor and is a key research area that we need to develop further. It is also essential to explore the interactions between different pressures and drivers of biodiversity, including climate change, habitat loss, the expansion of invasive species and land-use change, as well as societal responses to the threat Producing 'first-step' adaptation strategies for biodiversity conservation • Assessment of the protected areas approach within the context of climate change -how might they be adapted to a more dynamic role • Understanding how to integrate protected areas into a permeable landscape • Exploration of methods to strengthen incentives for farmers and foresters to conserve biodiversity and enable species range shifting • Systems for monitoring and ongoing refinement of adaptation measures
Policy development and barriers to information flow
• Assessment of existing biodiversity policies -do they enable implementation of adaptation strategies • Assessment of other sectoral policies -do they need to be adapted to minimise biodiversity impacts • Assessment of the economic value of the biodiversity resource • Production of an effective common (international) policy for spatial development that incorporates the likely impacts of climate change on biodiversity and ecological knowledge into the planning process • Improved interactions at the science-policy interface, requiring a two-way flow of information supported by legitimisation (funding and support) of science communication Table 4 Key priority issues for fundamental scientific research, producing 'first-step' adaptation strategies, and overcoming barriers to policy development of climate change. For example, socio-economic developments will have both direct (e.g. exploitation, habitat fragmentation) and indirect (e.g. CO 2 and N pollutant-mediated) effects that will interact with climate change to determine biodiversity impacts. Tackling these complicated responses will need an approach that includes process-orientated research and process-based models of underlying mechanisms to provide better prediction of the rates and scales of likely future change.
The role of drivers across temporal and spatial scales
The interactive effects of processes operating within the same community but at different temporal and spatial scales are poorly understood. Our inability to predict responses of biodiversity at finer scales is also currently an important block to the development of adaptation strategies. The production of such predictions will need to include an understanding of the role of processes such as habitat fragmentation, biotic interactions, and speciesspecific variation in migratory and evolutionary capacity.
Links between biodiversity and human health
These links range from the diffuse, such as the provision of ecosystem services, to the specific, for example changes in the distribution of pest and disease vectors during climate change. Focussing on human health, and not least its associated economics, may be a more direct route to demonstrating the serious consequences of climate change impacts on biodiversity, and promoting the biodiversity conservation agenda.
Producing 'first-step' adaptation strategies for biodiversity conservation
In order to assess what changes to policy may be needed, we must ask what adaptation strategies might look like and how such strategies will translate in to activities 'on the ground.' A number of topics must be considered in producing 'first-step' adaptation strategies for such an assessment.
Development of protected area networks
In terms of existing protected areas, there is a need to take a more flexible and adaptive approach, both in terms of assessing their capacity to cope with the impacts of climate change and in terms of their linkages to create a permeable landscape. This flexible approach must accept the potential loss of species from protected areas -habitats and species therefore need to be prioritised, perhaps at a site level, in terms of those that can be conserved and those that will inevitably go extinct during climate change. At the same time, there needs to be an assessment of those species capable of moving into protected areas, and possible changes in site management to promote the influx of those species.
Placing protected areas within a permeable landscape
In order to place existing protected areas within a landscape with enhanced permeability, a number of research themes need to be pursued. These include the relative permeability of landscapes to different species, identifying time scales for the creation of different types of key habitats in new areas, establishing the edge effects of intensive land uses on semi-natural habitats, understanding the factors that promote habitat resilience, and developing land management practices that increase the permeability of different land uses to biodiversity.
Since agriculture and forestry are common land uses in the matrix within which these areas sit, this may mean a shift towards stronger incentives for farmers and foresters to conserve biodiversity and promote species migration. However, little is known about practical aspects of managing species dispersal and colonisation in highly fragmented European ecosystems: different species have different capabilities and requirements and, in some cases, the conservation objective may be to prevent colonisation by undesirable species.
Long-term monitoring of adaptation measures
Once adaptation strategies for biodiversity conservation during climate change have been defined and implemented, they should be monitored and supplemented by appropriate data to refine them as needed. This complements the call for monitoring to support fundamental research, and again highlights the need for a flexible approach to management. Monitoring biodiversity might also have benefits in raising the awareness of a broader stakeholder community about the impacts of climate change.
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Policy development and barriers to information flow
Assessment of the existing policy framework -will it support 'first-step' strategies?
It is widely felt that there is still a lack of policy response to climate change impacts on biodiversity, but it is not clear the degree to which a change in conservation legislation is necessary. Development of 'first-step' adaptation strategies would enable an assessment of whether existing biodiversity conservation policy is adequate to enable the activities needed to protect biodiversity during climate change.
Impacts on biodiversity from adaptation in other sectors
Policy assessment should not be confined to biodiversity policy, as one of the biggest threats to biodiversity may be the adaptation and mitigation activity that is currently under way in a wide range of sectors, but which has not taken in to account potential impacts on biodiversity. There is clearly a need to identify all policies and practices already in place or planned for different sectors for adaptation to and mitigation of climate change, and to assess their potential impact on biodiversity so that alternative approaches can be developed if necessary.
Assessing the economic value of biodiversity
The development of methodologies to determine the economic value of the biodiversity resource will be an essential part of making information-based judgements on the choice of adaptation activities, and in promoting the cross-sectoral integration of biodiversity conservation.
Promoting international cooperation
International cooperation on this issue is essential, especially with respect to the migration of species through the landscape. However, how can we develop an integrated strategy for European spatial development that incorporates biodiversity conservation and yet can be effectively implemented at the regional landscape level? Associated with this issue is how best to incorporate ecological knowledge into planning processes. One possibility might be a combination of eco-regional and national conservation planning, but this will necessitate close communication between scientists, policy-makers and conservation practitioners.
Enhanced science -policy information exchange
Finally, enhanced communication between scientists and policy-makers will be essential to enable the development of policies that can deliver conservation goals on a broad geographical scale and an institutional framework capable of delivering appropriate incentives for stakeholders to conserve biodiversity. These goals will require scientists to overcome the challenges of interdisciplinary research to develop methods to quantify uncertainty and risks and to communicate results directly to governments and other policy-influencing actors. Improved science-policy interaction will ensure that (i) relevant research is given sufficient priority to be funded, and (ii) the results of the research are effective in influencing the actions of the many stakeholders who may be asked to change their lifestyles as part of the broader strategy for biodiversity and adaptation to climate change. Communication of scientific results should increasingly be seen as a legitimate form of scientific activity that will require systematic support, funding structures and economic incentives to scientists if it is to prosper.
CONCLUSIONS
Climate change is impacting biodiversity, altering the seasonality of natural events, the size and ranges of populations, the composition of communities, and the functioning of ecosystems. Future impacts will include further similar changes, as well as the potential for non-linear responses as novel situations (and perhaps novel species) are created. We need adaptation strategies to conserve biodiversity during climate change. However, to develop and implement such strategies we must address key areas of uncertainty with respect to the response of biodiversity to climate change. At the same time, we must examine biodiversity conservation policy, addressing whether current policy can incorporate adaptation to climate change, as well as the problems of promoting biodiversity conservation policy and developing cross-sectoral approaches to biodiversity conservation. It is clear that action is needed from both scientists and policy-makersscientists must provide the information needed to Climate change and biodiversity Brooker, Young and Watt develop adaptation strategies, learn how to communicate this information effectively, and be supported in this communication effort; policy-makers must understand the limitations of research, and accepting these limitations, use the information provided to work toward a genuinely integrated approach to biodiversity conservation during climate change. As climate change is an international problem, this approach will undoubtedly necessitate an international solution, and even within a comparatively well-integrated region such as Europe, achieving a fully integrated international response will be a complex task. However, when we consider the importance of our biodiversity resource it is clearly a task that must be addressed urgently.
